Introduction
Epidemiological studies indicate that exposure to nicotine is associated with a greater subsequent predisposition to pursue and become addicted to the drug [1] [2] [3] . In animal studies, intermittent as opposed to continuous exposure to nicotine, a pattern associated with initial exposure to the drug, has been shown to produce long-lasting behavioral and neurochemical adaptations associated with increased risk for drug addiction [4] [5] [6] [7] [8] . As with other abused stimulants [9] , adult rats repeatedly exposed to nicotine become sensitized to the locomotor and nucleus accumbens dopamine activating effects of the drug [10] [11] [12] [13] [14] [15] . Sensitization of midbrain dopamine neuron reactivity by amphetamine is associated with increased work output and self-administration of amphetamine and cocaine [16, 17] . Curiously, few studies have assessed the effect of exposure to sensitizing regimens of nicotine injections on the subsequent self-administration of nicotine. In one study [18] , mixed strain-specific effects of prior nicotine exposure were reported on acquisition of nicotine self-administration, with modest trends for enhancement in some cases and trends for disruption in others. In another study [19] , enhanced self-administration was limited to the first few days of acquisition under a fixed ratio 1 (FR1) schedule of reinforcement and was no longer observed when the response criteria to earn an infusion were subsequently increased.
A number of factors can influence the extent to which prior exposure to nicotine affects subsequent responding to the drug, including intensity of the exposure regimen and the withdrawal period between exposure and testing. Generally, a more intense exposure regimen requires a longer withdrawal period in order to allow for the manifestation of sensitization to be observed [20] . Another equally important role has been described for drug-paired stimuli. It is well established that the expression of stimulant sensitization can come under strong environmental stimulus control, so that the presence of drug-paired or drug-unpaired stimuli during testing can regulate the intensity of the sensitized responses observed and in some cases determine whether sensitization is expressed at all [21] [22] [23] . An important contribution of such stimuli has been described for the expression of locomotor and nucleus accumbens dopamine sensitization by nicotine [24, 25] , as well as for the ability of intermittent nicotine exposure to enhance the subsequent self-administration of amphetamine [5] .
Discrete cues coupled with infusions of nicotine are necessary to maintain a high rate of self-administration of the drug [26] and responding for non-drug reinforcers is increased by nicotine even when it is administered non-contingently [27] . These findings illustrate the ability of nicotine to interact associatively and non-associatively with environmental cues and suggest a critical role for these interactions in the self-administration of the drug [28] . Consistent with these findings, contextual stimuli paired with nicotine self-administration have been reported to slow extinction of responding and reinstate drug seeking to a greater extent compared to neutral stimuli [29] . Surprisingly, the ability of nicotine-paired contextual stimuli to subsequently regulate nicotine self-administration has yet to be assessed. Notably, the modest effects of nicotine exposure on nicotine self-administration reported by Adriani et al. [19] and Shoaib et al. [18] were observed following exposure to nicotine in the home cage, not the selfadministration chambers. Collectively, the above findings with nicotine and other stimulants suggest that contextual stimuli paired with non-contingent nicotine exposure injections should subsequently enable enhanced responding for the drug. This possibility was tested in the following experiments.
Methods and materials

Subjects
Male Long-Evans rats weighing 250-275 g on arrival from Harlan Teklad (Madison, WI) were individually housed with food and water available ad libitum in a 12-h light/12-h dark reverse cycle room. Two separate shipments of rats were used for data collection and were both represented in each of the experimental groups. Upon arrival, rats were given 3-5 habituation days prior to the start of any procedures. All experiments were conducted in accordance with the Declaration of Helsinki and the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the National Institutes of Health. All procedures were conducted according to a protocol approved by the University of Chicago Institutional Animal Care and Use Committee.
Self-administration apparatus
Experimental sessions were conducted in 16 operant chambers (31 cm × 25 cm × 30 cm; model H10-11R-TC, Coulbourn Instruments, Whitehall, PA) enclosed in sound-attenuating chambers. Two retractable levers (1 active, 1 inactive, each 6 cm above the rod floor) and a cue light (13 cm above the active lever) were positioned on one wall of the chamber. A counterbalanced arm and liquid swivel system consisting of a steel spring tether, a liquid swivel, and an infusion pump (model PHM-100, Med Associates, St. Albans, VT) allowed the rats to move freely in the chamber while attached to an infusion line. The latter was connected to a 10 ml syringe filled with nicotine solution.
Nicotine exposure
Rats were administered nicotine (0.4 mg/kg; i.p.) or saline by the experimenter every other day for a total of 5 injections. To assess the effect of nicotine exposure on subsequent self-administration of the drug, rats were transported in their home cage to a room separate from the colony where they were administered saline or nicotine injections in their home cage and returned to the colony 2 h later (SAL HOME CAGE, n = 12; NIC HOME CAGE, n = 11). To assess what effect contextual stimuli paired with nicotine during exposure may have on the subsequent self-administration of the drug, rats in two separate groups were given saline or nicotine in the selfadministration chamber with the response levers retracted (SAL SA CHAMBER n = 11; NIC SA CHAMBER, n = 12). Rats that underwent exposure in the self-administration chamber were returned to their home cage 2 h following each injection. The cue light was illuminated for the entire 2 h for the rats in the nicotine exposure condition. After the final exposure injection, rats were left undisturbed in their home cage for 9 days prior to surgical procedures. Testing began 5 days later (2 weeks after the final exposure injection). Nicotine [(−) nicotine tartrate] was obtained from Sigma Inc. (Saint Louis, MO), dissolved in sterile saline, and adjusted to pH = 7.0 with NaOH. In all cases, the doses administered refer to the freebase.
Surgery
Rats were anesthetized with a mix of ketamine (100 mg/kg, i.p.) and xylazine (6 mg/kg, i.p.) and surgically implanted with an i.v. catheter into the right external jugular vein as described previously [30] . Catheters were made from silastic tubing (Dow Corning, Inc., Midland, MI) and connected to L-shaped 20 gauge guide cannulae (Plastics One, Roanoke, VA). The cannulae were threaded subcutaneously to a small incision on the head and secured in place with a dental cement head mount anchored to the skull with screws. Catheters were subsequently flushed daily with a sterile 0.9% SAL solution containing 30 IU/ml heparin and 250 mg/ml ampicillin to help maintain patency.
Nicotine self-administration
Reinforced lever presses on the active lever resulted in an infusion of nicotine (0.03 mg/kg/infusion) delivered in a volume of 0.09-0.11 ml/infusion at a rate of 1.065 ml/min. For 15 s immediately following a reinforced response on the active lever, the cue light above the lever was illuminated and further responses on the lever were without consequence. Testing consisted of 15 daily, 2-h nicotine self-administration sessions. In the first 12, each session began with an experimenter-delivered intravenous priming infusion. Rats initially obtained infusions on a FR1 schedule of reinforcement. This schedule was increased from FR1 to FR2, FR3 and FR5 once animals earned 5 or more infusions and at least 80% of lever responses were made on the active lever on each of two consecutive days [31] ; adapted from [18] . All presses on the inactive lever were recorded, but had no programmed consequences. Number of lever presses (active and inactive) and nicotine infusions obtained were also recorded. In the final three sessions (13-15), rats were tested under a progressive ratio (PR) schedule. 1 . Previous exposure to nicotine enhances its self-administration but only in rats exposed to the drug in the self-administration chamber: 12 FR test days. Two weeks prior to FR self-administration testing, rats were exposed to nicotine or saline either in the home cage (a) or in the self-administration chamber (b). Data are shown as mean (±SEM) infusions obtained on each of the 12 FR test days (2 h sessions). Insets show mean (+SEM) number of infusions obtained on days 7-12 of testing. Numbers at the base of each bar indicate n/group. **, p < 0.01, nicotine versus saline exposed.
Under this schedule, the number of responses required to earn each successive nicotine infusion was determined by ROUND[5 × EXP (0.25 × infusion number) − 5] to produce the following sequence of required lever presses: 1, 3, 6, 9, 12, 17, 24, 32, 42, 56, 73, 95, 124, 161, 208, etc. [32] . Daily PR sessions were terminated after 2 h or after 1 h elapsed without a drug infusion. Priming nicotine infusions were not given and the inactive lever was retracted during these sessions. The number of lever presses and infusions obtained in each PR session were recorded. After the last session, patency was tested by infusing 0.1 ml of a 20 mg/ml solution of ketamine into the catheters. Rats that failed to lose muscle tone within 5 s were excluded from the data analyses.
Data analyses
The number of infusions obtained on the 12 FR and 3 PR test days were analyzed separately using 3-way between-within analyses of variance (ANOVAs) with context (two levels: home cage and SA chamber) and exposure (two levels: saline and nicotine) as the between factors and test days (12 and 3) as the within factor. Based on the results of these analyses, 2-way between ANOVAs with context and exposure as the factors were subsequently conducted to assess group differences in the number of infusions obtained in the first (days 1-6) and second half (days 7-12) of FR testing as well as on the last day of PR testing. Lever presses over the 12 FR test days were analyzed for each group using 2-way within ANOVAs with response lever (two levels: active and inactive) and test days (12) as the factors. These data included responses made during time out periods. A 3-way between-within ANOVA with context and exposure as the between factors and test days as the within factor was used to analyze the FR schedule attained over the 12 FR test days. Based on the results of this analysis, a 2-way between ANOVA with context and exposure as the factors was subsequently used to assess group differences on the final ratio achieved on FR test day 12. As the specific pairwise group comparisons of interest were limited in number, LSD methods were used for this purpose. ANOVAs and subsequent group comparisons were conducted according to Kirk [43] and Hsu [44] . For ease of presentation, only effects that achieved statistical significance (p < 0.05) or showed a non-significant trend (p < 0.10) are reported.
Results
FR test days 1-12
Rats exposed to nicotine in the self-administration chamber subsequently obtained more infusions on the FR test days compared to their saline exposed controls (Fig. 1b) . This effect was not observed in rats exposed to nicotine in the home cage (Fig. 1a) . Analysis with the omnibus 3-way ANOVA indicated only a significant interaction of exposure × days (F(11, 462) = 2.62, p < 0.01). Based on this result, the data were subsequently analyzed with 2-way between ANOVAs which indicated a significant effect of exposure on days 7-12 (F(1, 42) = 4.97, p < 0.05) but not on days 1-6 of FR testing. LSD comparisons showed that rats exposed to nicotine in the self-administration chamber earned significantly more infusions compared to their saline exposed controls (p < 0.01), an effect not observed in rats exposed to nicotine in the home cage. No other group comparisons achieved statistical significance. Together, these results indicate that previous exposure to nicotine can enhance the number of infusions rats obtain when subsequently given the opportunity to self-administer the drug, but only when they do so in the environment in which they had been previously exposed to the drug. Thus, nicotine exposure context appeared to contribute importantly to this effect.
To further characterize responding during the 12 FR test days, total active and inactive lever presses were determined across days for each experimental group (Fig. 2a-d) . No significant group differences in time out responding were observed at any time. Patterns of lever responding differed between the groups, suggesting that lever discrimination over the 12 FR test days may have been affected by both nicotine exposure and nicotine-associated contextual stimuli. Analyses indicated a significant effect of lever in rats exposed to saline either in the home cage (F(1, 11) = 19.73, p < 0.001; Fig. 2a ) or in the self-administration chamber (F(1, 10) = 43.08, p < 0.001; Fig. 2b ). Rats exposed to saline in the home cage pressed the active lever significantly more than the inactive lever on days 1-6 (p < 0.01) and 7-12 (p < 0.001). Similarly, rats exposed to saline in the self-administration chamber also pressed the active lever significantly more than the inactive lever on days 1-6 (p < 0.001) and 7-12 (p < 0.001), demonstrating active versus inactive lever discrimination across days in both groups. Different patterns of responding were observed in the nicotine exposed groups. In rats Fig. 2 . Characterization of lever pressing during FR self-administration testing in rats previously exposed to saline or nicotine in the home cage (left) or the self-administration chamber (right). Data are shown as mean (±SEM) number of active and inactive lever presses over the 12 FR test days (2 h sessions) in rats previously exposed to saline (a) and (b) or nicotine (c) and (d). (e) and (f): Mean (±SEM) FR schedule achieved for saline and nicotine exposed rats. Compared to the other groups, rats previously exposed to nicotine in the self-administration chamber showed poor active versus inactive lever discrimination and no effect of nicotine exposure on FR schedule achieved. n/group = 11-12. **, p < 0.01, ***, p < 0.001, mean active versus inactive lever presses on days 1-6 or 7-12, † † † , p < 0.001, mean active lever presses on days 7-12 versus 1-6.
exposed to nicotine in the home cage (Fig. 2c ), significant effects of lever (F(1, 10) = 24.86, p < 0.001) and days (F(11, 110) = 2.96, p < 0.01) and a significant lever × days interaction (F(11, 110) = 3.14, p < 0.01) were observed. Rats exposed to nicotine in the selfadministration chamber (Fig. 2d ) showed significant effects of lever (F(1, 11) = 4.64, p = 0.054) and days (F(11, 121) = 2.19, p < 0.05). Rats exposed to nicotine in the home cage showed significant active versus inactive lever discrimination on days 1-6 (p < 0.01) and 7-12 (p < 0.001) and also demonstrated a significant increase in active lever responding from days 1-6 to 7-12 (p < 0.001). While rats exposed to nicotine in the self-administration chamber also demonstrated significant active versus inactive lever discrimination on days 1-6 (p < 0.01) and days 7-12 (p < 0.01), overall, these animals did not show a significant increase in active lever pressing from days 1-6 to 7-12 and the magnitude of the difference between the number of active and inactive lever presses actually diminished and became more variable toward the end of FR testing. The number of active and inactive lever presses emitted no longer differed significantly in this group on days 8, 10, and 12.
Consistent with the analyses of active versus inactive lever discrimination, rats in all groups showed an increase in FR schedule attained as FR testing progressed but, in rats previously exposed to nicotine, this effect was enhanced only in those exposed to nicotine in the home cage ( Fig. 2e and f) . The omnibus 3-way ANOVA conducted on FR schedule attained over the 12 FR test days indicated a significant effect of days (F(11, 462) = 29.03, p < 0.001) and significant context × days (F(11, 462) = 2.06, p < 0.05) and context × exposure × days interactions (F(11, 462) = 2.02, p < 0.05). The subsequent 2-way ANOVA conducted on the final FR schedule achieved on test day 12 indicated a significant effect of context (F(1, 42) = 4.07, p < 0.05) and a trend toward a context × exposure interaction (F(1, 42) = 3.33, p < 0.08). Rats exposed to nicotine in the home cage showed a trend for an increase in FR schedule achieved relative to their home cage saline exposed controls (p < 0.08) and a significant increase (p < 0.01) relative to the rats exposed to nicotine in the self-administration chamber. If anything, the FR schedule achieved by these latter rats was lower toward the end of FR testing relative to their own saline exposure controls.
PR test days
Consistent with the analyses of infusions obtained on the 12 FR test days, previous exposure to nicotine enhanced work output and as a result the number of infusions obtained on the PR test days, but only in rats tested in the environment in which they had been previously exposed to the drug: the self-administration chamber (Fig. 3) . The omnibus 3-way ANOVA indicated a significant effect of exposure (F(1, 42) = 5.86, p < 0.05) and significant exposure × context × days interaction (F(2, 84) = 5.71, p < 0.01). The subsequent 2-way ANOVA conducted on the number infusions earned on the last PR test day (day 3) indicated a significant context × exposure interaction (F(1, 42) = 6.63, p < 0.05). On this Fig. 3 . Previous exposure to nicotine enhances its self-administration but only in rats exposed to the drug in the self-administration chamber: PR test days. Two weeks prior to self-administration testing, rats were exposed to nicotine or saline either in the home cage (a) or in the self-administration chamber (b). Data are shown as mean (±SEM) infusions obtained on each of the 3 PR test days (1-2 h sessions). Insets show mean (+SEM) number of infusions obtained on the last PR test day. Numbers at the base of each bar indicate n/group. **, p < 0.01, nicotine versus saline exposed. test day, rats exposed to nicotine in the self-administration chamber, but not those exposed to nicotine in the home cage, obtained significantly more infusions compared to their own saline exposed controls (p < 0.01). Rats exposed to nicotine in the selfadministration chamber also obtained significantly more infusions than rats exposed to nicotine in the home cage (p < 0.05) and a trend for more infusions than the home cage saline exposed controls (p < 0.07). Thus, the ability of prior nicotine exposure to enhance its own self-administration was again found to be influenced by the nicotine exposure context.
Discussion
In the present experiments, previous intermittent exposure to nicotine, a pattern often associated with initial exposure to tobacco, increased the number of nicotine infusions rats obtained when subsequently given the opportunity to self-administer the drug under both FR and PR schedules of reinforcement. The additional finding that this was observed only when rats were tested in the environment in which they had previously been exposed to similar nicotine injection regimens highlights the influence nicotine-associated contextual stimuli can exert on the behavior rats will emit to obtain the drug.
The present results are consistent with and extend previous findings showing that exposure to nicotine produces sensitization of its locomotor and nucleus accumbens dopamine activating effects [4, [10] [11] [12] [13] [14] [15] . They are also consistent with other reports supporting a relation between sensitized midbrain dopamine neuron reactivity and enhanced stimulant self-administration [5, 9, 16, 17, 33] . Together with these findings, the present results support an incentive motivational view of enhanced nicotine intake [8, 9, 34, 35] and the suggestion by some that it is the changes in mesoaccumbens dopamine function induced by previous exposure to nicotine [1] that predisposes individuals to pursue this drug [2, 3] .
Nicotine is well known to interact associatively and nonassociatively with environmental cues to influence its own self-administration as well as that of non-drug reinforcers [28] .
Contextual stimuli previously paired with nicotine have been shown to regulate the expression of locomotor and nucleus accumbens dopamine sensitization by nicotine [24, 25] , to slow extinction of responding and promote reinstatement in nicotine self-administering rats [29] , to enable enhanced amphetamine selfadministration [5] , and to increase craving for smoking in humans [36] . The present results extend these findings to show that nicotine associated contextual stimuli can also promote the expression of enhanced nicotine intake in rats and do so two weeks after the last non-contingent nicotine exposure injection and nicotine-context pairing. On the PR test days, rats that worked more obtained more nicotine infusions, reflecting the requirement of the exponential function used for the emission of progressively more lever presses to obtain successive nicotine infusions. Increases in break point observed with this schedule of reinforcement indicate more work output by the animal and are widely interpreted to reflect increased motivation to engage in the self-administration behavior in the face of increasing cost [9, 37] . Interestingly, characterization of responding on the 12 FR test days revealed a more complex relationship between lever pressing and nicotine infusions obtained. On these test days, the FR schedule was increased when rats met two criteria: 5 or more infusions obtained and ≥80% of lever responses made on the active lever on each of two consecutive days. This approach permitted assessment of the effect of previous nicotine exposure and the presence or absence of nicotine associated contextual stimuli during testing on acquisition of the lever press response as measured by increasing discrimination between the active and inactive levers [18] . Previous exposure to nicotine in the home cage led to an increase in active lever pressing and an enhancement in lever discrimination over days as well as a trend for a greater increase in FR schedule achieved relative to home cage saline exposed controls. These findings may reflect non-associative effects of nicotine exposure on discrimination learning as have been described for locomotor sensitization [14] , enhanced lever pressing for a conditioned reinforcer [38] , and resistance to extinction [5] .
Interestingly, rats previously exposed to nicotine in the selfadministration chamber showed decreasing active versus inactive lever discrimination as FR testing progressed and, if anything, lower FR schedule achieved relative to their saline exposed controls by the end of FR testing. Typically, lack of active versus inactive lever discrimination is taken as an indication of disrupted learning during acquisition. However, these rats clearly learned to discriminate between the active and inactive levers during the first half of FR testing. Considering that these rats showed enhanced work output and more infusions obtained on the PR test days, these results may reflect a progressively perturbed ability to discriminate between the active and inactive levers resulting from the enhanced motivational state engendered in these animals by the nicotine associated contextual stimuli. The reasons for this perturbation remain unknown, but an interesting possibility is that it may be related to enhanced impulsivity. For example, various measures of impulsive behavior have been linked to drug-taking [39] and these are known to be exacerbated following repeated exposure to stimulants including nicotine [40] as well as presentation of drug-paired contextual stimuli [41] . It is unlikely that this perturbation of lever discrimination was a consequence of increased locomotor activity in rats exposed to nicotine in the selfadministration chamber. Rats exposed to nicotine in the home cage exhibited significantly more total (active + inactive) lever presses than these animals (t(21) = 1.91, p < 0.05) with no perturbation in lever discrimination. It is equally unlikely that prior exposure to the self-administration chamber disrupted learning of the lever discrimination via a pre-exposure effect. Again, rats exposed to nicotine in the self-administration chamber learned to discriminate between levers in the first half of FR testing and no difference in the number of infusions obtained or in active versus inactive lever discrimination was observed throughout FR testing between the saline exposure groups.
Thus, it appears that different effects of nicotine exposure are subject to regulation by nicotine associated contextual stimuli. In the present experiments, these stimuli promoted the expression of enhanced nicotine intake but not enhanced lever discrimination. Consistent with these findings, the incentive motivational and response selecting effects of reward-paired cues were recently found to be dissociable with the former, but not the latter, dependent on brain dopamine transmission [42] .
